Although strategies for the immobilization of DNA oligonucleotides onto surfaces for bioanalytical and top-down bio-inspired nanobiofabrication approaches are well developed, the effect of introducing spacer molecules between the surface and the DNA oligonucleotide for the hybridization of nanoparticle-DNA conjugates has not been previously assessed in a quantitative manner. The hybridization efficiency of DNA oligonucleotides end-labelled with gold nanoparticles (1.4 or 10 nm diameter) with DNA sequences conjugated to silicon surfaces via hexaethylene glycol phosphate diester oligomer spacers (0, 1, 2, 6 oligomers) was found to be independent of spacer length. To quantify both the density of DNA strands attached to the surfaces and hybridization with the surface-attached DNA, new methodologies have been developed. Firstly, a simple approach based on fluorescence has been developed for determination of the immobilization density of DNA oligonucleotides. Secondly, an approach using mass spectrometry has been created to establish (i) the mean number of DNA oligonucleotides attached to the gold nanoparticles and (ii) the hybridization density of nanoparticle-oligonucleotide conjugates with the silicon surface-attached complementary sequence. These methods and results will be useful for application with nanosensors, the self-assembly of nanoelectronic devices and the attachment of nanoparticles to biomolecules for single-molecule biophysical studies.
INTRODUCTION
Silicon is used ubiquitously by the semiconductor industry, and nanofabrication approaches have been both implemented and are being developed for ever smaller devices. The uniform chemical reactivity of crystalline silicon makes it an ideal substrate for the direct immobilization of biomolecules, so permitting the use of silicon structures for biosensors and for the self-assembly DNA/nanomaterial conjugates as building blocks in the creation of nanostructures by the so-called 'bottom-up' methods for the next generation of nanoelectronic devices. During the past decade, a number of approaches have been developed for the covalent attachment of DNA oligonucleotides onto crystalline silicon surfaces (1) (2) (3) (4) (5) , and sub-micron motifs of surface-attached DNA oligonucleotides in high densities on silicon can be achieved (5) . Although approaches for the creation of hybrids of DNA-conjugated nanosized particles to surface-attached DNA has been reported (6,7), there has not been a systematic study of the hybridization efficiency of DNA oligonucleotide-nanoparticle conjugates, and this information is crucial for the creation of next-generation nanobiosensors and bio-inspired self-assembly of nanoelectronic devices. This is especially important for the socalled 'bottom-up'-based nanofabrication methods (8, 9) .
In comparison with the case of solution-phase DNA hybridization, the requirements for effective DNA hybridization to conjugated DNA sequences on surfaces is not so well understood. It has been shown that the density of immobilized DNA, or probe, on a substrate strongly affects the hybridization yield of unlabelled or fluorophore-labelled DNA as well as the kinetics of hybridization such that high efficiency of hybridization is usually achieved in low-density regimes (10) (11) (12) . Although low densities may be preferable for some bioanalysis applications, where the size of the sensor or device surface area reaches the nanoscale, then the number of conjugated DNA strands is limited by the size and sometimes infinitesimally small. So for nanoscale sensors and devices, understanding the conditions for achieving high hybridization efficiencies and densities of DNA conjugates to complementary DNA strand surfaces is important.
The steric hindrance, the accessibility and surface charge of surface-immobilized DNA probe as well as the ionic strength towards hybridization with an unlabelled or fluorophore-labelled complementary sequence has been the subject of a number of studies (10, 11, (13) (14) (15) (16) (17) (18) (19) (20) . The most common approach to improve the hybridization efficiency of complementary strands with surface-attached DNA probe sequences involves the use of 'spacers', which are conjugated between the surface and the probe (21) . These spacers have a number of effects including (i) 'raising' the DNA probe from the surface (ii) impacting on the local electrostatic and hydrophilic environment of the DNA probe, (iii) influencing the 'steric' accessibility of the DNA probe to hybridization and (iv) producing 'brush-like' surfaces (10, 11, (13) (14) (15) 22) . In addition, some spacer molecules, for instance oligomers of ethylene glycol, can reduce non-specific association of DNA complementary sequences with the surface (16, 17) .
Spacers that are based on oligomers of ethylene glycol are considered to facilitate the hybridization of fluorophore-labelled or unlabelled DNA oligonucleotides with surface-attached complementary sequences (16, 17, 23, 24) . Perhaps the most well-known study in this field is that of Southern et al. (17) , where the effect of surface density of the attached sites and of ethylene glycol oligomers with different lengths and containing different charged groups has been investigated. These studies suggest that the optimal spacer is one with a low negativecharge density that is amphiphilic and has a chain length of 30-60 atoms. Longer or shorter spacers were found to be detrimental to the hybridization yield with oligonucleotides. More recently, Peeters et al. have investigated the effect of hexyl and undecyl alkane spacers linked to a gold surface and then linked via triethylene glycol and hexaethylene glycol phosphate diester groups to DNA oligonucleotides (25) . It is proposed that the use of the undecyl groups provides DNA films in which the molecules are oriented perpendicular to the surface. Unfortunately no conclusions could be deduced regarding the effect of ethylene glycol oligomer size on the hybridization efficiency from that study.
Rather than synthesize oligonucleotides and linkers directly on surfaces as reported by Southern et al. (17) , the approach taken here is to first attach a monolayer of N-succinimide ester functionalized undecyl alkane chains on the surface in a similar approach to Peeters et al. (25) and then conjugate these to DNA oligonucleotides with a 'spacer' of hexaethylene glycol phosphate diester oligomers between the DNA 3 0 -end and a hexylamine linker for reaction with the succinimide group at the surface. This strategy was used to provide both a high and the same immobilized density of DNA conjugated to the surface (irrespective of the spacer length).
The density for hybridization of DNA to silicon surfaces (without a spacer) has previously been established by us to be 7 Â 10 12 DNA oligonucleotides per square centimetre (5). This is slightly higher than for covalently attached DNA on glass surfaces (2.3 Â 10 12 DNA oligonucleotides per square centimetre) (2) . The presence of oligomers of hexaethylene glycol phosphate diester spacers between the oligonucleotide and the linker on the surface is anticipated to facilitate the hybridization of DNA oligonucleotides conjugated to gold nanoparticles (DNA-GNP). Using relatively high densities of immobilized DNA sequences on the surface is anticipated to reduce the probability of the DNA sequences being positioned within the surface-immobilized ethylene glycol oligomers at the surface (21, 22) , and thus allow access of the bulky GNP-DNA (26, 27) .
The impact of spacers on the conjugation efficiency and hybridization of DNA to DNA-GNP has been the subject of a number of studies (9, (27) (28) (29) (30) , It is the disassembly of DNA-GNPs with complementary DNA-GNPs that has provided the most interest, where cooperative thermal denaturation or enzymatic cleavage result in a colour change (31, 32) . The kinetics for the assembly of DNA-GNP with complementary DNA-GNP is often slow and has been the subject of a number of recent studies (33) (34) (35) , notably Oh et al., who demonstrated that the use of spacers of polynucleotides of adenine or thymine between the oligonucleotide and the GNP impacts on the hybridization kinetics; a spacer of 15 nucleotides was considered optimal, and additional nucleotides in the space did not improve the hybridization rate (35) . Given the wealth of literature for the assembly of DNA-GNP with complementary DNA-GNPs, there are few examples of nanoparticles conjugated to oligonucleotides that have been hybridized with oligonucleotides attached to planar surfaces (6, 7, 36) ; optimized conjugation for highly efficient assembly has not been studied in detail before now.
In this article, we investigate the influence of the oligomer spacer length on the hybridization performance of immobilized DNA. To achieve this, we have developed novel methods to quantitatively assess the density of (i) immobilized DNA oligonucleotide probes on the silicon surface, (ii) DNA oligonucleotides attached to GNPs and (iii) hybridized targets, including DNA-GNP conjugates.
MATERIALS AND METHODS

Reagents
All chemicals were obtained from the Aldrich Chemical Company unless otherwise noted and used without further e80 Nucleic Acids Research, 2013, Vol. 41, No. 7 purification. Deionized (DI) water (ELGA genetics system) was used for the preparation of all the aqueous solutions. Undecylenic acid N-hydroxysuccinimide ester (UANHS) was synthesized as described elsewhere (4) . The oligonucleotides used for this study (Table 1) were synthesized in-house using conventional phosphoramidite chemistry and purified by reverse-phase high pressure (or high performance) liquid chromatography (HPLC). The A-series oligonucleotides for attachment to the UANHS linker functionalized silicon surface were synthesized with an aminomodifier C7 CpG (Glen Research) at the 3 0 -end, and hexaethylene glycol diphosphate ester (HEG) spacers were synthesized by inserting one, two or six 17-O-(4,4 
between the DNA sequence and 6-carboxyfluorescein (FAM), which allowed the photolytic release of the fluorophore groups from the oligonucleotides on ultraviolet (UV) irradiation (37) . For the preparation of DNA-GNP conjugates, 3 0 -aminomodified oligonucleotides (the D-series) and 3 0 -thiolmodified oligonucleotides (the E-series), all with a complementary sequence to the A-series, were synthesized.
Photopatterning of silicon surfaces with undecylenic acid N-hydroxysuccinimide Masks were prepared on UV-grade fused silica (Suprasil) by chrome evaporation followed by patterning by photolithography and removal of the revealed chrome areas using the wet etching method. This was followed by removal of the lithographic resist in acetone and thorough cleaning. Diced pieces (2 Â 2 cm 2 ) of singleside polished silicon <100> wafer were precleaned (RCA clean), etched in 2% hydrofluoric acid for 2 min, washed thoroughly with water, dried under pressurized nitrogen and immediately spin-coated with 40 ml of 1% UANHS solution in CH 2 Cl 2 at 2000 r.p.m. for 50 s (4). The wafer was exposed through a quartz mask in contact (containing parallel lines of 10 m wide with 30 m spacing over a total area of 18 mm 2 ) under nitrogen protection using a 500-W HgXe lamp (Oriel Instrument) fitted with an interference filter (253.7 ± 10 nm, Melles Griot) at 1 mW/cm 2 for 5 min. After photoreaction, the wafer was thoroughly washed with dichloromethane.
Immobilization of DNA oligonucleotides onto the succinimidyl ester functionalized silicon surface
The A-series of oligonucleotides used for immobilization were dissolved in a 0.1 M sodium bicarbonate solution to a final concentration of 50 mM (pH = 8.3). Eight micro litre of the oligonucleotide solution was deposited on the UANHS alkene-patterned silicon wafer and covered with a cover slip (2 Â 2 cm 2 ). The wafer was incubated overnight at room temperature in a humid chamber. After incubation, the wafer was washed thoroughly with DI water. Samples immobilized with the oligonucleotides were kept in DI water at 4 C before characterization or hybridization.
Preparation of DNA oligonucleotide-gold nanoparticle conjugates (i) Gold nanoparticles (1.4 nm diameter) with a single DNA oligonucleotide linked to the surface were prepared as follows: mono-N-succinimide functionalized 1.4 nm GNPs (Mono-sulfo-NHS-Nanogold, Nanoprobes) at a concentration of 15 mM in 10 mM sodium phosphate buffer at pH 8.0 were mixed with two equivalents of the D-series oligonucleotides at 4 C overnight, and then purified by ultracentrifugation (67 000g) and triple washing of the pellet with 10 mM phosphate buffer, 6 -TGA CGA TAG ATA GAC GTPT-FAM-5
HEG, hexaethylene glycol diphosphate ester; P, photolabile linker; T, mismatch nucleotide.
0.3 M NaCl, pH 7.0, to yield the 3 0 -GNP end-labelled DNA conjugate (HEG 0 -GNP 1.4 nm).
(ii) Ten-nanometre diameter colloidal GNPs were conjugated with multiple DNA oligonucleotides per particle using a similar procedure to that previously reported (28) . The E-series oligonucleotides were treated with 0.1 M dithiothreitol (DTT) in 0.1 M NaHCO 3 at room temperature for 1 h to activate the thiol terminal groups. After the extra DTT was extracted with ethyl acetate, the oligonucleotides were desalted using a Nap-10 column (Pharmacia) and freeze dried. The activated thiol oligonucleotides were incubated with 10 nm diameter GNPs (BBInternational) at 4 C overnight typically in a ratio of 0.009 mmole gold nanoparticles to 1.8 mmole oligonucleotides. The DNA-GNP (10 nm diameter) conjugates were gradually exposed to 10 mM phosphate buffer, 0.1 M NaCl, pH 7.0 for 16 h for 'aging', and then purified by ultracentrifugation (26 000g) and triple washing of the pellet with 10 mM phosphate buffer, 0.1 M NaCl, pH 7.0. The final product was re-suspended and stored in a 10 mM phosphate buffer, 0.3 M NaCl, pH 7.0 solution. The concentration of the final DNA-GNP concentrations was estimated by UV-visible spectroscopy. The extinction coefficients of the characteristic adsorption peaks of gold nanoparticles [420 nm for 1.4 nm (Nanoprobe Inc.) and 520 nm for 10 nm gold particles] did not change significantly as a result of the oligonucleotide attachment (28) .
Hybridization and denaturation of fluorophore and gold nanoparticle DNA conjugates from surface-attached DNA FAM-labelled A 0 -series or C-series oligonucleotides (20 mM) were dissolved in phosphate-buffered saline (10 mM phosphate buffer, 0.3 M NaCl, pH 7.0) for hybridization. A wafer patterned with an A-series oligonucleotide was pre-soaked in phosphate-buffered saline for 20 min, and then excess buffer was removed. Immediately afterwards, 8 ml of the oligonucleotide hybridization solution was deposited on the wafer and covered with a cover slip. The wafer was incubated in a humid chamber for 4 h at room temperature. After incubation, the wafer was rinsed thoroughly and then stored in the phosphate buffer.
The GNP conjugates (either 1.4 or 10 nm) with D-series or E-series oligonucleotides ($10 nM) were dissolved in phosphate-buffered saline (10 mM phosphate buffer, 0.3 M NaCl, pH 7.0) for hybridization. A pre-soaked wafer patterned with an A-series oligonucleotide was treated with 20 ml of the oligonucleotide-GNP hybridization solution and incubated in a humid chamber for 8 h at room temperature. After incubation, the wafer was rinsed thoroughly and then stored in the phosphate buffer.
Quantification of the surface-immobilization density and hybridization efficiency
Surface-immobilization density Photolysis conditions for cleaving the photolabile group from the surface-attached B-series oligonucleotides were optimized. Typically, the sample dissolved in DI water was illuminated through a band pass filter (345$395 nm) with a 500-W HgXe lamp at various intensities and exposure times. The photolysis products were analysed by HPLC to determine the percentage of oligonucleotide chains cleaved from the FAM group in comparison with the starting intact oligonucleotide (i.e. the photolysis yield). The optimum conditions were found to be 30-min illumination at 25-30 mW/cm 2 . The B-series of oligonucleotides were attached to the silicon surface in patterns by the same method used for the A-series oligonucleotide attachment and described above. The wafer with the B-series oligonucleotide patterns was photolysed using the optimal conditions determined above, and then placed in 800 ml of water at 90 C for 15 min to dissolve the cleaved FAM groups. The wafer was removed, rinsed twice with 100 ml water and evaluated by fluorescence microscopy to make sure all the fluorophores had been removed. The collected solution (1000 ml) was freeze dried. The resulting material was re-dissolved in 70 ml of 0.05 M Tris buffer (pH 8.7) and the fluorescence yield measured in a 50 ml cuvette by fluorimeter (Cary Ellipse, Varian Inc., exc = 488 nm, em = 525 nm). The concentration of cleaved fluorophore groups present was determined by reference to a standardization curve produced by illumination [30 min illumination at 25-30 mW/cm 2 (345$395 nm)] of a series of solutions of known concentration of the oligonucleotides containing the photolabile and FAM groups in DI water.
Hybridization density with single-stranded DNA The hybridization density was quantified using our previously reported method (5). Briefly, A-series oligonucleotides were patterned on silicon surfaces using a photolithographic mask. Complementary fluorescent oligonucleotides (C-com) were hybridized on to the A-series oligonucleotide patterns and washed thoroughly with phosphate buffer. Fluorescent images were acquired to confirm hybridization and calculate the surface area of the oligonucleotide patterns. The wafer was then placed in 800 ml of water at 90 C for 15 min to allow for the denaturation of the duplex. The wafer was removed and rinsed twice with 200 ml of water and the wash collected. The wafer was examined by fluorescence microscopy to make sure all the C-com had been removed. The water was removed in a freeze drier and then the residue carefully dissolved in 70 ml of 0.05 M Tris buffer (pH 8.7). The fluorescence yield from the sample was measured in a 50 ml cuvette in a fluorimeter (Cary Ellipse, Varian Inc., exc = 488 nm, em = 525 nm); at least four separate samples were determined. The concentration of DNA strands present in the sample was determined by reference to a standardization curve prepared from a series of fluorescent-labelled DNA oligonucleotide samples of known concentration.
Quantification of DNA-gold nanoparticle conjugates hybridized to the DNA functionalized surfaces The conjugates hybridized on to A-series oligonucleotide patterns attached on the surface of the silicon were released by heating in water at 90 C for 15 min, and the collected DNA-GNP conjugate solutions were too dilute to establish the concentration by absorption spectroscopy, e80 Nucleic Acids Research, 2013, Vol. 41, No. 7so a mass spectrometry method was developed to establish the hybridization density, and this is achieved by measurement of the gold concentration following chemical digestion as follows: it is assumed that the density of spherical gold nanoparticles is equivalent to that of bulk gold (=19.30 g/cm 3 ), so the average particle mass was calculated to be 2.77 Â 10 À20 g for 1.4 nm gold and 1.01 Â 10 À17 g for 10 nm gold nanoparticles. By establishing the mass of gold in a DNA-GNP conjugate solution as compared with the theoretical nanoparticle mass allows for the number of GNPs to be determined. The samples were prepared for inductively coupled plasma-mass spectroscopy (ICP-MS) analysis by digestion of the collected DNA-GNP conjugates in water (1 ml) with 50 ml of 0.1 M KCN and 1 mM K 3 Fe(CN) 6 for 1 h to dissolve the gold nanoparticles. This solution was then diluted with 9 ml of 5% HCl and analysed by ICP-MS following the method described in Pitcairn et al. (38) . Control samples prepared in the same manner without DNA-GNP but with similar amounts of oligonucleotides were used as background reference samples. All measurements were repeated four times.
Quantification of the number of oligonucleotides attached to the 10-nm diameter gold nanoparticles The surface coverage of DNA strands on 10-nm GNPs was determined using a combination of ICP-MS and inductively coupled plasma-optical emission spectroscopy (ICP-OES) methods. The number of DNA strands was calculated from the phosphorus concentration determined by ICP-OES using the following method. To avoid adventitious phosphate contamination, the DNA-GNP conjugates were aged in 0.1 N NaCl solution (pH $7.0). 150 ml of the DNA-GNP conjugate solution was weighed and transferred to a polytetrafluoroethylene high-pressure microwave digestion vessel and then spiked with an yttrium as an internal standard. Following the addition of 1 ml of sub-boiled concentrated HNO 3 , the DNA-GNP samples were digested for 30 min using a microwave digestor (CEM, MDS2000). The digested samples were transferred to polyethylene containers and then diluted with 10 ml ultrapure water. The concentration of phosphorus was determined using ICP-OES calibrated with synthetic reference standards. The number of moles of phosphorus was calculated from the determined mass divided by the atomic mass of phosphorus (30.9736 ). The number of moles of the target oligonucleotide was calculated by dividing the number of phosphate groups in the oligonucleotides (E-HEG 0 ) = 17 and (E-HEG 6 ) = 23.
The number of target DNA sequences attached per gold nanoparticle was established by the determination of the gold nanoparticle numbers in a comparable solution, but using the ICP-MS method as described above.
Epifluorescence microscopy
The fluorescein-labelled oligonucleotide-patterned surfaces were visualized using a Zeiss Axiovert 200 inverted microscope with epifluorescence illumination fitted with a Zeiss Filterset 09. All samples were placed face down on a drop of phosphate buffer (10 mM phosphate, 0.3 M NaCl, pH 7.0) on a glass slide towards Epiplan Neofluar 10Â or 20Â objective lenses.
RESULTS AND DISCUSSION
Overview: formation of oligonucleotide patterns on silicon Our previously reported two-step method for covalent attachment of oligonucleotides onto crystalline silicon surfaces in patterns has been exploited for attachment of DNA sequences to the silicon surface (Figure 1) (4) . The subsequent coupling of the N-hydroxysuccinimide ester terminated surface with an amino-modified oligonucleotides [Series A (see Table 1 )] in an aqueous solution, led to its covalent attachment of the single-stranded DNA (ssDNA) sequences (See Figure 2a for 
atoms between surfaces and DNA sequences are optimal for hybridization (17) , and thus the chain lengths chosen for the studies reported here cover this range.
The patterns of attached DNA sequences were revealed by epifluorescence microscopy after hybridization with FAM-labelled complementary DNA sequences [A 0 -com (see Table 1 )], and a fluorescence signal of >95% of the desired pattern was achieved. Shown in Figure 3 are typical epifluorescent images of the samples (after incubation and washing with buffer) with the 5 0 -end FAMlabelled complementary sequence (A 0 -com), a sequence containing a mis-matched thymine residue in the sequence (A 0 1-mis) and a sequence that is not complementary to the probe sequence (A 0 -non). There is limited to no levels of fluorescence revealed in the samples treated with the sequence containing a mis-matched thymine residue in the sequence (A 0 1-mis) and the sequence that is not complementary to the probe sequence (A 0 -non). The level of fluorescence detected for the sample prepared with the sequence A-EG 91 and hybridized with the complementary sequence A 0 -com is far lower than for any of the other samples hybridized with A 0 -com.
Quantification of density of surface-immobilized probe
Quantification of the surface-immobilized probe DNA density is necessary, as this has been demonstrated to influence the efficiency for hybridization (11) . The quantification of the probe density of DNA conjugated onto surfaces has been achieved using radio-labelled oligonucleotides (14, 17, 39, 40) . Radioactive-labelled oligonucleotides have a short shelf-life, are hazardous and are only accessible to research laboratories with the appropriate infrastructure. Although an approach using alkaline phosphatase digestion has been reported for the quantitative evaluation of the surface coverage of oligonucleotides at relatively low densities ($10 9 oligonucleotides\cm 2 ) (41), polyethylene glycol is well known to interact with proteins (42) . An alternative approach to establish the immobilized density of DNA oligonucleotides with ethylene glycol oligomer spacers was required. Here we have developed a simpler safer fluorescence-based technique for the determination of the surface-attachment density of DNA oligonucleotides based on the work of Ju et al. (37) . In short, a photolabile linker based on a 2-nitrobenzyl group is attached between the 5 0 -end of the oligonucleotide and the FAM label, to the 3 0 -end of the oligonucleotide is the 'spacer' group that is linked to a hexyl amino group used to attach to the N-hydroxysuccinimide ester surface (Figure 2b ). The nitrobenzyl group offers a highly efficient photocleavable group and is easily incorporated into DNA oligonucleotides during DNA synthesis by the use of commercially available phosphoramidite derivatives (43) . Here the DNA sequence (Series A, Table 1 ) is attached to the silicon surface via attachment to the N-hydroxysuccinimide ester surface and only the FAM released by UV illumination. The photoreaction, as reported, results in FAM-photolabile group release leaving behind the DNA oligonucleotide still attached to the surface (37). The FAM-containing A study was carried out by illumination of each of the B-series oligonucleotides in aqueous solution using the band pass filtered UV irradiation (375 ± 25 nm) of a HgXe lamp at a range of illumination intensities from 10 to 50 mW/cm 2 , and a range of illumination periods from 10 to 120 min. The UV absorption peak of DNA (260 nm) and the fluorescence quantum yield of FAM ( exc = 488 nm) were monitored to establish the optimal photolysis conditions to release the FAM without damage to the DNA oligonucleotide. No obvious change was observed at a UV absorbance of 260 nm after photolysis under any of the conditions studied, indicating a negligible quantity of DNA photolysis products, such as thymine dimers. A decrease in the fluorescence quantum yield of the solution was observed after photolysis. This variability in the reduction in fluorescence yield with filtered UV illumination, for example, repeat individual experiments of oligonucleotide B-HEG 6 solutions (at 1 Â 10 À8 M after photolysis at 20$25 mW/cm 2 for 30 min) showed a decrease from initial values by 53 ± 1% for three samples. Standardization curves prepared from a series of FAM-photolabile group-oligonucleotide solutions of known concentration after the photolysis showed a linear relationship between oligonucleotide concentration and fluorescence intensity. These results demonstrate that the quantification of immobilized oligonucleotides on silicon surfaces can be achieved by reference to a standard curve of the same type of oligonucleotide under the same photolysis conditions. The photolysis yield, as determined by HPLC, approached 100% at illumination intensities >25 mW/cm 2 and >30 min exposure. Therefore, an illumination intensity of $28 mW/cm 2 for 30 min was used for the photolysis of immobilized oligonucleotides on silicon surfaces, and for the calibration standards. Table 2 is the immobilized density of B-series oligonucleotides covalently attached on silicon surfaces. High densities of 5.4-9.6 Â 10 12 strands/cm 2 for oligonucleotides with and without hexaethylene glycol phosphate diester oligomers have been achieved.
Shown in
The effect of spacer on the surface-attached DNA oligonucleotides on the hybridization density for fluorescently labelled and gold-nanoparticle-labelled oligonucleotides Fluorophore-labelled DNA oligonucleotide The immobilized densities for the DNA sequences A-HEG 0 , A-HEG 1 , A-HEG 2 and A-HEG 6 on silicon are listed in Table 2 . The oligonucleotide used is C-com, which is the 3 0 -FAM end-labelled complementary DNA sequence to provide consistency with the 3 0 -GNP end-labelled complementary DNA sequence used (see studies below). There is a small variation in the immobilized density for the sequences A-HEG 0 , A-HEG 1 , A-HEG 2 and A-HEG 6 on silicon as well as a small difference in the hybridization density with C-com. To take into account the minor difference in the immobilized density, the hybridization efficiency was calculated (Table 2) . For all cases, a high efficiency of hybridization was obtained, of almost full occupancy of the immobilized complementary sequences. In short, one DNA hybrid is formed on average for every $20-40 nm 2 , which is almost at the density of the immobilized complementary sequence. Some of the earlier reports have shown that the hybridization yield increases where the hexaethylene glycol phosphate diester chain length increases (10, 11) . For the system studied here, with both a surface linker and a spacer, the length of the hexaethylene glycol phosphate diester oligomer spacer has an effect, if minor, on the hybridization efficiency for oligonucleotide C-com. The hybridization efficiency for the surface-immobilized sequences A-HEG 1 , A-HEG 2 and A-HEG 6 is slightly higher than with surface-immobilized A-HEG 0 (Table 2 ). Although Table 1 .
A-HEG 0 has the lowest surface-immobilized density, there is a relatively small increase in the hybridization efficiency with length of hexaethylene glycol phosphate diester spacer from A-HEG 1 , A-HEG 2 to A-HEG 6 .
GNP of 1.4 nm conjugated with a single complementary strand (HEG 0 -GNP 1.4 nm) The hybridization of immobilized oligonucleotides on silicon surfaces with DNA-GNP conjugates was investigated. Two types of DNA-GNP conjugates were used: a 1.4 nm GNP conjugated with a single complementary strand (HEG 0 -GNP 1.4 nm) and a 10-nm gold nanoparticle labelled with multiple complementary strands (HEG 0 -GNP 10 nm), described below. A new method was developed for the determination of the number of DNA-GNPs hybridized to surface-attached complementary sequences. In brief, DNA-GNP samples were hybridized with the DNA-functionalized silicon surfaces, washed and then released by heating the substrate at 90 C in an aqueous solution. The collected solution containing the released DNA-GNP conjugates from the DNA sequences attached to surface were evaluated by ICP-MS following the method described in Pitcairn et al. (38) (see 'Materials and Methods' section). Figure 4 contains plots of the hybridization densities of DNA-GNP conjugates (HEG 0 -GNP 1.4 nm), and these can be compared directly on the same plot with the hybridization densities of the fluorescently labelled DNA (C-com) onto immobilized A-HEG 0 , A-HEG 1 , A-HEG 2 and A-HEG 6 oligonucleotide patterns on silicon. There is no significant variation in the hybridization density for 1.4 nm DNA-GNP conjugates as a function of the spacer length (A-HEG 0 , A-HEG 1 , A-HEG 2 and A-HEG 6 ) of the sequence attached to the silicon surface. The hybridization density of 1.4 nm DNA-GNP conjugates is approximately four times lower than for fluorescently labelled DNA (C-com), but this still represents a hybridization efficiency of between 10 and 20%-which is good, providing a hybridization density of $1 Â 10 12 DNA-GNP (1.4 nm)/cm 2 -or one complementary sequence per $100 nm 2 . The lack of variation in the hybridization density suggests that hexaethylene glycol phosphate diester spacers between the immobilized oligonucleotides and the silicon surface have a minor effect on their hybridization with HEG 0 -GNP (1.4 nm) conjugates.
GNP of 10 nm conjugated with multiple complementary strands (HEG 0 -GNP 10 nm) The 3 0 -thiol end-labelled DNA oligonucleotide (Table 1 , E-HEG) was conjugated to 10 nm gold nanoparticles; the chemical structure of the linkage is shown in Figure 2c . So far a direct method for the quantification of thiol-terminated oligonucleotides coupled onto GNPs has not been reported. The feed ratio of thiol-terminated oligonucleotides to GNPs used in the synthesis does not provide the number of strands per DNA-GNP because the yield of attachment is influenced by surface adsorption and the equilibrium, oligonucleotide length, nucleotide bases and even washing steps during the preparation (13, 28, 44) . Existing methods for the determination of surface coverage of oligonucleotides on GNPs are fluorescence based (13) . However, accurate data for this existing approach is dependent on the successful removal of the GNPs from the fluorescent labels, so a new method where the elemental composition is quantified has been developed here.
Phosphorus exists stoichiometrically in DNA and can be quantified using ICP-OES with an accuracy of $1% (45) . Quantification of the amount of phosphorus by ICP-OES and gold by ICP-MS in the same sample provides a new approach to deduce the ratio of phosphorus to gold and hence the number of oligonucleotides to GNPs. This has been applied in this study. In all cases, the actual ratio of oligonucleotides bound to GNPs is less than the feed ratio. The average surface coverage of HEG 0 oligonucleotides on GNPs at a feed ratio of 200 is 124 ± 8 strands per nanoparticle (corresponding to 66 ± 4 pmol/cm 2 , 3.9 Â 10 13 strands/cm 2 ). This coverage is consistent to that reported for DNA-GNP conjugates prepared in a similar manner (42 pmol/cm 2 ) (13). In fact, the hybridization density of A-HEG 0 -GNP 10 nm conjugates is lower by a factor of 30 as compared with the A-HEG 0 -GNP 1.4 nm conjugates and yet again is not determined simply by the length of the spacer for the oligonucleotide attached to a planar silicon surface. Thus, the size of the GNP in the DNA-GNP conjugates appears to be an important factor affecting hybridization at surfaces and the yield of hybridization. An increased DNA-GNP conjugate dimension would occupy a higher exclusive crosssection area, and cause the hybridization density to be lower than for the A-HEG 0 -GNP 1.4 nm or C-com. In solution, the hydrodynamic radius of a short DNA chain of <20 bases has been determined to be 1 nm (46) and 8.7 for a 10-nm GNP labelled with multiple 12 bp DNA oligonucleotides prepared in a similar manner (16) . Using published data (46) , the approximate ratio of exclusive cross-section areas between an HEG 0 -GNP 10 nm conjugate and an ssDNA (A-HEG 0 , 17 base) strand is estimated to be $75. This difference, however, is too small to account for the observed difference in hybridization density. This suggests that the reduced flexibility of a DNA strand after attachment to the 10 nm GNP and steric hindrance between neighbouring strands on the DNA-GNP 10 nm conjugates are the major determinants impacting on the hybridization efficiency. Additional factors that may influence the hybridization efficiency could include electrostatic factors resulting from the surface charge of the GNP or the high density of DNA attached; however, under the saline buffer conditions used, these effects are anticipated to be minor.
Ten nanometre GNP conjugated with multiple complementary strands containing a hexaethylene glycol phosphate diester oligomer (HEG 6 -GNP 10 nm) A hexaethylene glycol phosphate diester oligmer spacer group between the gold nanoparticle (10 nm) surface and the attached single-stranded oligonucleotides was tested to establish the effect on the yield of hybridization. The ratio of oligonucleotides per nanoparticle was determined by ICP-OES and ICP-MS methods, as detailed above. At a feed ratio of 200 oligonucleotides per GNP, 144 ± 3 strands of E-HEG 6 oligonucleotides per nanoparticle were determined, resulting in a higher packing density (76 ± 1 pmol/cm 2 , 4.6 Â 10 13 strands/cm 2 ) in comparison with the oligonucleotides E-HEG 0 (124 ± 8 strands per nanoparticle). Of note, a previous report indicates that the insertion of 20-dA or 20-dT spacers leads to a lower surface coverage of oligonucleotides on GNPs (13) . The small improvement in the surface coverage of GNPs with the oligonucleotide E-HEG 6 as compared with DNA with 20-dA or 20-dT spacers could be a result of two factors: (i) a transition from an amorphous coil to a brush-like state occurring as the packing density of oligonucleotides increase, which is a well known scenario for polyethylene glycol layers of higher molecular weight (Mw > 1000) (47, 48) ; and (ii) the cross-section of an EG unit in its idealized helical form is only 0.21 nm 2 (49) in comparison with that of ssDNA at 0.9 nm 2 (the cross-section of ssDNA is 1.07 nm). So, more DNA strands containing hexaethylene glycol phosphate diester oligomer spacers could be accommodated onto the 10-nm nanoparticle surface as a result of spatial reasons.
The hybridization density of the E-HEG 6 -GNP 10 nm conjugates onto the immobilized complementary strands A-HEG 0 (Figure 5a ) is 1.26 ± 0.24 Â 10 11 particles/cm 2 , which is more than four times higher than that of the E-HEG 0 -GNP (10 nm) onto immobilized complementary strands A-HEG 0 (Figure 5b ) (3.1 ± 0.8 Â 10 10 particles/ cm 2 ), showing a significant enhancement for hybridization of E-HEG 6 -GNP 10 nm due to the presence of hexaethylene glycol phosphate diester oligomer spacer on the GNP surface. The hybridization density of E-HEG 0 -GNP 10 nm onto silicon surface functionalized with A-HEG 6 (Figure 5c ) is 2.1 ± 0.5 Â 10 10 particles/ cm 2 . The hybridization density of E-HEG 6 -GNP 10 nm conjugates onto the immobilized complementary strands A-HEG 0 (Figure 5a ) is six times higher than for E-HEG 0 -GNP 10 nm conjugates onto A-HEG 6 (Figure 5c ). These results suggest that the presence of the spacer of oligomeric hexaethylene glycol phosphate diester has the biggest impact when present on the 10-nm GNP-DNA conjugate. Incorporating the hexaethylene glycol phosphate diester oligomer spacer on the GNP surface will result in the following: (i) a greater distance of the DNA from the GNP surface and thus higher accessibility of the conjugated DNA strands; and (ii) a greater cross-sectional area of the DNA-GNP conjugate as a result of the increased spacer size. Thus, on collision with the DNA functionalized silicon surface, the E-HEG 6 -GNP will occupy a higher coverage (by up to $50 nm diameter) as compared with E-HEG 0 -GNP (by up to $23 nm diameter) (see Figure 5 ). DNA hybridization occurs via a two-step process: (i) DNA nucleation, followed by (ii) rapid zippering to yield the duplex (35) . It is thus possible that there are both a higher probability of nucleation due to increased flexibility of the linker-spacer chain of E-HEG 6 -GNP and coverage of the underlying silicon-DNA surface on collision ( Figure 5 ).
Given the cross-sectional area of the DNA-GNP (10 nm) conjugates, taking into account the size of the attached DNA oligonucleotides and spacers, the density of hybridized DNA-GNP conjugates is high and is typically more than one DNA-GNP (10 nm) per $3000 nm 2 . Thus the method represents an efficient approach for the self-assembly of GNPs on silicon surfaces. It is anticipated that other nanoparticles and surfaces could be self-assembled in a similar manner.
CONCLUSIONS
Our approach in performing this study is to develop quantitative approaches to provide an accurate evaluation of (i) the immobilization density of DNA on the surface of silicon and on the surface of gold nanoparticles and to then evaluate (ii) the hybridization efficiency of surface-attached DNA as a function of the attachment chemistry. For our case, we have developed DNA-attachment chemistry to provide high hybridization efficiencies for fluorophore-labelled DNA with the surface-attached DNA. The silicon surfaces, as studied, provide efficient hybridization of fluorophore-labelled DNA hybridization with efficiencies of between 42 and 70%. Even with the high hybridization efficiencies, there is a small trend showing improved efficiencies as a function of the spacer length. In contrast, tuning the spacer length for the DNA oligonucleotide attached to the silicon surface does not have a major effect on the yield of DNA-GNP hybridization, whether for DNA-GNP (1.4 nm) or DNA-GNP (10 nm). The hybridization efficiencies of DNA-GNP were proportional to the nanoparticle size. The DNA-GNP (1.4 nm) hybridization efficiencies were only marginally less efficient than the fluorophore-labelled DNA hybridization efficiency, but independent of the spacer size for the DNA attached to the surface. The density for hybridization for the E-HEG 0 -DNA (10 nm), even taking into account the cross-section of the hybrid, was poor. The incorporation of a hexaethylene glycol phosphate diester oligomer between the gold nanoparticle and the DNA oligonucleotide (E-HEG 36 -DNA) with the A-HEG 0 -DNA attached to the silicon surface provided a 6-fold increase in the hybridization density as compared with E-HEG 0 -DNA with the A-HEG 36 -DNA attached to the silicon surface. These results suggest that the attachment linker and spacer length of the DNA attached to the gold nanoparticle of 10 nm has a more significant impact than the attachment linker and spacer length of the DNA attached to the silicon surface. This is most likely a function the DNA molecule attached on the gold nanoparticle via a hexaethylene glycol phosphate diester linker being more free to diffuse around on the silicon surface during collision with the DNA functionalized silicon surface. The DNA conjugation method reported here provides a simple and reliable way to provide controllable interfaces between silicon surfaces and gold nanoparticles. Although the size of the gold nanoparticle has a major impact on the hybridization yield at the surface, the approach reported here provides high yields of hybridization of fluorophore and 1.4-nm gold nanoparticle-labelled DNA with complementary sequences on a silicon surface. Application of the method is likely to offer potential for the creation of bioanalytical tools and nanobioelectronic structure fabrication. and hybridized with DNA with a hexaethylene glycol phosphate diester oligomer chain Spacer linked to a gold nanoparticle (10 nm) (E-HEG 6 -GNP 10 nm). The figure is not drawn to scale, the GNP is 10 nm diameter, the DNA strand (shown by the wavy line) is $5 nm long and the spacer HEG 6 is $15 nm long (fully extended). (b) No spacer linkage (A-HEG 0 ) and hybridized with DNA with no spacer, but linked to a gold nanoparticle (10 nm) (E-HEG 0 -GNP 10 nm). The linker between the GNP and DNA is $1 nm long and the linker between the silicon and DNA is 2.4 nm. (c) a hexaethylene glycol phosphate diester oligomer chain spacer (A-HEG 6 ) hybridized with DNA sequences linked to gold nanoparticles (10 nm diameter) without a spacer (E-HEG 0 -GNP 10 nm). The figure is not drawn to scale, the linker attached to the silicon surface is $2.4 nm and the spacer, HEG 6 is $15 nm long (fully extended).
